The non obese diabetic (NOD) mouse shares clinical, serological and histoimmunological features with human Type I (insulin-dependent) diabetes mellitus [1, 2] . In particular, it was demonstrated that a peptide containing epitope (named p277) of the heat shock protein (HSP) 60, the mammalian homologue of the mycobacterial HSP65 protein, is a key autoantigenic target in the pathogenesis of diabetes in NOD mouse [3] . The onset of the disease was associated with occurrence of anti-HSP60 and anti-p277 T cells, as well as with the appearance of circulating HSP65 cross-reactive antigens and anti-HSP65 antibodies [3, 4] . In addition, although injection of anti-HSP65 or antip277 T-cell clones promote insulitis and diabetes in NOD mice, administering these cells after attenuation with g-irradiation down-regulates the diabetogenic process [3] . Finally, a single dose of the p277 peptide in incomplete Freund's adjuvant reduces the in- Diabetologia (2001) th until the 35 th week, or commencing one day before islet transplantation and until the reappearance of hyperglycaemia. Pancreata from NOD mice treated with multifunctional protein 14 for 14 consecutive weeks until 18 weeks of age were examined histologically for insulitis. Anti-CD3 and/or lipopolysaccharide (LPS)-induced blood levels of interferon (IFN)-g, interleukin (IL)-4, IL-10, IL-12 and tumour necrosis factor (TNF)-a were measured by ELISA in 10 week-old female NOD mice treated for 6 consecutive weeks with either MFP14 or PBS. Unless otherwise stated, multifunctional protein 14 was administered daily 5 times a week at a dose of 25 mg. Control mice received PBS or, in selected experiments, heat-inactivated MFP14. Results. MFP 14 treated mice had a significantly lower incidence of spontaneous diabetes compared to control mice. The MFP14 was equally effective both upon early and late prophylaxis and the protection persisted until week 50 in mice treated from weeks 4 to 25. Insulitis was significantly reduced by the MFP14. The MFP14 also delayed recurrence of hyperglycaemia in syngeneic islet-transplanted NOD mice. Although MFP14 reduced anti-CD3 and/or LPS-induced blood levels of IFN-g, TNF-a and IL-12 it increased IL-4 and IL-10. Conclusion/interpretation. The MFP14 could be a possible candidate for the prevention or early treatment of human Type I (insulin-dependent) diabetes mellitus. [Diabetologia (2001) 44: 839±847] 
cidence of diabetes in NOD mice, apparently by immunomodulatory effects on cytokine production [4±6] . The treatment with p277 also efficiently prevented development of autoimmune diabetes induced in C57BL/KsJ mice by low doses of streptozotocin [7] .
In the mid 1990's, several groups identified a perchloric acid soluble ubiquitous 14 kDa protein with pleiotropic properties [8±13] and having sequence homologies with HSP, Major Histocompatibility Complex-1 (MHC-1) Binding Protein, and with a functionally not yet identified group of proteins belonging to the so called YER057C/YIL051C/Y5GF family [8) ]. We propose to unify the various names given by different authors for MFP14, which highlights its nature as a Multi Functional Protein and its molecular weight (14 kDa). The MFP14 was identified as a cytoplasmatic protein but under certain conditions, such as stress and neoplasia, it appears at the cell surface [14] . The possibility that an immunomodulatory effect could be involved in the capacity of MFP14 to prevent or modulate the development of several experimental tumors in mice, rats and hamsters [14, 15] , and the above mentioned similarities with the HSP family led us to test the effects of MFP14 treatment in NOD mice. The prolonged treatment with MFP14 could indeed markedly reduce the incidence of the disease in these animals [16] . These promising preliminary observations prompted us to undertake a more extensive evaluation of the effects of MFP14 in autoimmune diabetes of NOD mice. We have now found that MFP14 prevents spontaneous Type I diabetes in NOD mice regardless of whether administration is started early (4 weeks of age) or late (12 weeks of age) during the prediabetic phase. Moreover, the clinical effect was associated with a marked reduction in the insulitis process compared with control animals. In addition, MFP14 also significantly delayed recurrence of hyperglycaemia in syngeneic islet-transplanted NOD mice. In vivo immunological studies suggest that the antidiabetogenic effects of MFP14 could be related to its capacity to skew the cytokine secretory profile of the treated mice from a Type I to a Type II subset, and could be causally related to its antidiabetogenic capacities.
Materials and methods
Animal and reagents. Female NOD mice were purchased from Charles River (Calco, Italy). The spontaneous incidence of diabetes in the females ranges between 70 and 80 % by the age of 30 weeks. For the recurrence of disease experiments (see below) NOD mice maintained in a local colony (Biomedical Centre, Uppsala, Sweden) were used. The spontaneous incidence of hyperglycaemia is approximately 70 % in the females in the latter colony. Male Sprague-Dawley rats were obtained from Biomedical Centre. The animals were maintained under standard laboratory conditions (non-specific pathogen free) with free access to food and water. During the study period of diabetes prevention the mice were screened for diabetes development twice a week by means of glycosuria followed, when positive, by measurement of glycaemia. Mice were diagnosed as diabetic when fasting glycaemia was above 12 mmol/l for 2 consecutive days.
Recombinant (r) MFP14 [17] was a gift of SICOR SpA (Rho, Italy). Hamster anti-mouse CD3 mAb was purchased from Pharmingen (San Diego, Calif., USA), and LPS (serotype 055:B5) was purchased from Sigma Chemicals (St.Louis, Mo., USA). RPMI 1640 (Sigma) was supplemented with 10 % vol/vol fetal calf serum (Sigma). d-[U-
14 C]glucose was from Amersham Pharmacia Biotech (Uppsala, Sweden). Recombinant human IL-1b was from Peprotech (London, UK). Solidphase ELISA kits for detection of mouse IL-4, IL-10, IFN-g and TNF-a were purchased from Pharmingen and for mouse IL-12 from Endogen (Cambridge, Mass., USA). Samples were run in duplicate according to the manufacturers' instructions. The lower limit of sensitivity of the assays were 5 pg/ml for IL-10 and IL-12, 10 pg/ml for IL-4 and IFN-g and 12 pg/ml for TNF-a. Intra-assay and inter-assay coefficients of variations were within 15 and 20 %, respectively. To calculate mean values, blood samples with cytokine content lower than the limit of sensitivity of the assay were assigned the limit of sensitivity as a theoretical value.
Experimental design. Procedures involving animals and their care were in conformity with the institutional guidelines and in compliance with national and international laws for the Care and Use of laboratory animals.
Spontaneous Type I diabetes mellitus. Euglycaemic female NOD mice were randomly allocated into different groups receiving either MFP14, PBS or the heat-inactivated (by boiling for 45 min) hi MFP14 starting at the 4 th or the 12 th week of age. Because insulitis is virtually absent in 4-week-old NOD mice and is actively ongoing in most animals at 12 weeks, this approach allowed us to investigate the effects of MFP14 treatment in both the early and late diabetogenic stages of the NOD mouse.
For the early prophylactic treatment, 4-week-old NOD mice were treated with MFP14, hi MFP14 or PBS until the age of 25 weeks (Fig. 1) .
In a second set of experiments, the treatment was interrupted when the mice were 25 weeks old and the mice were screened for diabetes development until they were 50 weeks old (Fig. 2) .
Finally, to evaluate the effects of MFP14-treatment on insulitis development, an experiment was conducted where 4-week-old NOD mice were treated five consecutive times a week with either MFP14 or PBS until the age of 18 weeks. At this time point, the remaining euglycaemic mice from the three groups were killed and pancreatic specimens collected for histological examination of insulitis.
For the late prophylactic treatment, 12-week-old NOD mice were randomly divided into two experimental groups, one treated with MFP14 and the other with PBS. Pancreatic specimens for histological analysis of insulitis were collected from diabetic mice from the remaining euglycaemic mice killed at the end of the treatment (35 weeks).
Recurrence of diabetes (ROD) after syngeneic islet transplantation. Pancreatic glands were removed from 7±10 week-old euglycaemic male NOD mice and the pancreatic islets were isolated by a collagenase digestion technique [18] . The isets were kept free-floating in medium RPMI 1640 + 10 % fetal calf serum for three days (37 C air + 5 % CO 2 ) with a medium ex-change after 2 days. Islets in groups of 600 were subsequently transplanted, under Avertin anaesthesia, beneath the left renal capsule of the spontaneously diabetic NOD mouse [19] . Islet transplantation was considered successful when the nonfasting blood glucose value declined to 12 mmol/l after 2±3 days. Blood glucose was measured daily from a tail vein (ExacTech blood glucose meter; Baxter Travenol, Deerfield, Ill., USA). Recurrence of autoimmune disease in the islet graft was defined as reversal of hyperglycaemia with a blood glucose of 12 mmol/l or more on two consecutive days. The transplanted diabetic mice were subjected to either daily PBS-or MFP14 (25 mg in 200 ml PBS intraperitoneally). The injections were commenced one day before islet implantation.
In vivo effects of MFP14 on anti-CD3 and/or LPS-induced increase in the blood levels of IL-4, IL-10, IL-12, IFN-g, TNF-a. Four-week-old female NOD mice were treated five consecutive times a week for 6 weeks with either 25 mg MFP14 or PBS until 1 h before the injection with anti-mouse CD3 mAb or 100 ug LPS. Blood samples, collected from individual mice at the time points indicated in the Legends to Figures 5 and 6, were allowed to clot at room temperature and serum was immediately separated by centrifugation at 1000 g and stored frozen until cytokine measurement.
Histological examination of pancreatic islets. This was performed in a blind fashion by an observer who was unaware of the treatment or the status of the mice as described in detail elsewhere [20] . At least 10 islets were counted for each pancreas. The degree of mononuclear cell infiltration was graded as follows: 0, no infiltrate; 1, periductular infiltrate; 2, periislet infilrate; 3, intraislet infiltrate; 4, intraislet infiltrate associated with beta cell destruction. The mean score for each pancreas Four-week old NOD mice were treated as described in the Legend to Figure 1 above with either 25 mg MFP14 or PBS until the age of 25 weeks. At this time point treatment was interrupted and the mice were followed for diabetes development until the age of 50 weeks was calculated by dividing the total score by the numbers of islets examined.
In vitro effects on rat pancreatic islets of IL-1b and MFP14 on islet glucose oxidation rate and nitrite production. Rat pancreatic islets were isolated and kept in tissue culture for 5±7 days before use [18] . Then islets in groups of 50 were transferred to new culture dishes containing medium RPMI 1640 + 10 % fetal calf serum, MFP14 (0.25 or 1 mg/ml), hi-MFP14, in the absence or presence of 25 U/ml r human IL-1b for 48 h. In these experiments MFP14 was added 1 h before the cytokine. Islet glucose oxidation rate was measured after addition of d-[U-
14
C]glucose at 16.7 mmol/l glucose as described elsewhere [21] . Medium nitrite accumulation in the culture medium, as an indicator of nitric oxide production, was measured by the Griess reaction [22] . The detection limiy of the assay was 0.25 mmol/l. One independent observation represents islets isolated from one rat.
Results
Lack of toxicity of MFP14. Long-term administration of MFP14 to NOD mice either from the age of 4 to 25 weeks or from the 12 to 35 weeks of age was apparently well tolerated by the animals as judged both from their clinical appearance and behaviour. In addition, the body weight of MFP14-treated animals was similar to that of control animals, and no differences were observed in both azotemia and transaminases values at the end of the study (data not shown).
Early prophylactic treatment with MFP14 diminishes both the incidence of Type I diabetes mellitus and the severity of insulitis in NOD mice. An increasing number of NOD mice treated with either saline (33/40) or hi-MFP14 (31/40) developed diabetes by the age of 25 weeks (Fig. 1) . In contrast, only 4 out of 40 NOD mice treated with MFP14 became hyperglycaemic at the same period of age (p < 0.0001 vs both PBS and hi-MFP14-treated groups by Logrank (Mantel-Cox). Treatment with MFP14 three times a week on alternate days had a partial, though not significant effect on the development of the disease, 25/40 of the sotreated mice developing Type I diabetes with kinetics very similar to that of either PBS-treated mice or hi-MFP14-treated mice (not shown).
To evaluate whether the antidiabetogenic effect of MFP14 was reversible or not upon treatment withdrawal, NOD mice were treated exactly as above with either MFP14 or PBS from the 4th until the 25th week of age. The treatment was then discontinued and the remaining euglycaemic mice from the two groups were followed for diabetes development up to the 50th week of age. The data depicted in Figure 2 clearly confirms the preventive efficacy of MFP14 on diabetes development (3/20 diabetics among MFP14-treated mice vs 18/20 vs PBS-treated control mice, p < 0.0001 by Logrank (Mantel-Cox)). The long, perhaps life-lasting, duration of the effect is manifested by the fact that none of the MFP14-treated mice, which were euglycaemic at the end of the treatment, became diabetic during the further 25 weeks of follow-up period.
In agreement with these clinical data, the insulitis score (IS) of the remaining euglycaemic NOD mice treated with MFP14 for 14 consecutive weeks from the age of 4 weeks (n = 15) was significantly milder than that of control NOD mice treated with PBS (n = 10) (mean IS SD = 0.7 0.3 vs 2.2 1.2, p = 0.0001 by ANOVA).
Late prophylactic treatment with MFP14 prevents Type I DM development and blocks progression of in-
th until the 25 week of age sulitis in NOD mice. To ascertain whether MFP14 could also interfere with diabetes development when first administed later in life to NOD mice, another experiment was conducted where the drug was first given to euglycaemic animals at an older age (12 weeks), which is associated with histological signs of active ongoing insulitis [23, 24] . Control mice were treated with PBS. Treatment were given five consecutive times a week until the mice were 35 weeks of age. At this point, the remaining euglycaemic mice were killed and their pancreata specimens collected for histological evaluation of insulitis.
Even when applied a this late stage of prophylactic treatment MFP14 significantly reduced the cumulative incidence of Type I diabetes in NOD mice compared with control mice (4/25 vs 27/35, p < 0.0001 by Logrank (Mantel-Cox)) (Fig. 3) . The protection was also observed at the histological level as at the end of the study (age 35 weeks), the pancreatic islets from the 21 euglycaemic MFP14-treated mice showed significantly milder mononuclear cell infiltration than that observed in the 8 PBS-treated control mice (IS mean values SD; 2.1 1.2 vs 3.5 2.1, p = 0.032 by ANOVA). Interestingly, the IS of the MFP14-treated mice was very similar to that found in 10 untreated euglycaemic 12-week-old NOD mice (1.9 1.1), that is the age when MFP14 treatment was instituted. This indicates that MFP14 has inhibited further progression of insulitis towards more aggressive and beta-cell destructive forms.
MFP14 delays ROD in NOD mice after syngeneic islet transplantation. The five control mice treated with PBS only reverted to hyperglycaemia within 4.6 2.46 (mean SD) days after syngeneic islet transplantation (Fig. 4) whereas, it took a significantly longer time for this to occur in the five mice treated with MFP14 that first showed hyperglycaemia after 11.2 5.81 days (p = 0.048 by ANOVA). Figure 5 shows the blood glucose concentrations (means SD) in the two groups for up to 9 days after islet transplantation.
MFP14 modulates the blood levels of IL-4, IL-10, IL-12, IFN-g and TNF-a induced by in vivo injection with anti-CD3 mAb or LPS. In vivo experiments were carried out to evaluate whether the antidiabetogenic effects of MFP14 could depend on or be associated with immunomodulatory effects. In particular we studied the effects of MFP14 on the anti-CD3 or LPS-induced blood levels of Type I (IFN-g, IL-12, TNF-a) and Type II (IL-4, IL-10) cytokines, which could be involved in Type I diabetes pathogenesis [25±28]. Ten week-old NOD mice were injected with either anti-CD3 mAb or LPS 1 h after a 6 week-treatment period with MFP14 or PBS. Because anti-CD3 mAb, that reacts with the 25 kDa e chain of the T-cell receptor associated CD3 complex, induces T cells to release several Type I and Type II cytokines (IL-4, IL-10, IFN-g TNF-a) , this approach allowed starting from one day before transplantation and the treatment was continued daily until reversal of hyperglycaemia. In the control group the days of reversal were 3, 3, 4, 4, 9 and in the MFP14 group 7, 7, 7, 17 and 18 or over. The animal over 18 was still normoglycaemic when sacrificed after 5 weeks. However, for the calculation of statistical analysis it was considered a reverter on day 18 when the treatment had been interrupted On the other hand, we used the specific ability of LPS to provoke cytokine production from the macrophages to study the in vivo influence of MFP14 treatment on the release from these cells of IL-12, a cytokine which plays a key role in the polarization of a Type I cytokine response by up-regulating IFN-g production [29] .
Before anti-CD3 mAb or LPS injection (T0), the blood levels of IL-4, IL-10, IFN-g and TNF-a were all below the limit of sensitivity of the assays regardless of whether NOD mice were treated with MFP14 or PBS (Fig. 6) . In contrast, as previously reported [30] , IL-12 could be detected at T0 at low levels in the blood of 4 out of 15 NOD mice (Fig. 7) . The cytokines were all massively released with different kinetics in the blood of the mice 2 and/or 6 h after challenge with anti-CD3 mAb or LPS. Figure 6 and 7 show the marked differences observed in the cytokine circulating profile between MFP14-treated and PBS-treated NOD mice, the former having lower blood levels of IFN-g, TNF-a and IL-12 and higher blood levels of IL-4 and IL-10 than the latter at 2 and/or 6 hours after anti-CD3 mAb or LPS injection.
MFP14 does not influence IL-1b-induced effects on pancreatic islets in vitro. In order to test if MFP14 could directly affect cytokine effects at the islet level, we investigated whether MFP14 could counteract IL1b actions on isolated rat pancreatic islets. Exposure for 48 h to r human IL-1b induced a marked increase in medium nitrite formation (Fig. 8) . This was not affected by either 1 mg/ml MFP14 or hi-MFP14. Neither at the concentration of 0.25 mg/ml the protein influenced the increase in nitrite production (data not shown). Exposure to r human IL-1b impaired the islet glucose oxidation rate at 16.7 mmol/l glucose, and this was neither prevented by the presence of 1 mg/ ml MFP14 nor hi-MFP14 (Fig. 9) . Addition of 1 mg/ ml MFP14 or hi-MFP14 alone did not alter basal nitrite formation or the islet glucose oxidation rate.
Discussion
We have demonstrated here that prolonged treatment with MFP14 dose-dependently prevents both clinical and histological signs of Type I diabetes mellitus in NOD mice. The drug displayed an almost equal efficiency regardless of whether it was administered upon an early prophylactic regimen, or as a late prophylactic intervention. MFP14 was also capable of significantly delaying ROD in NOD mice after syngeneic islet transplantation. In vivo studies revealed that MFP14 profoundly modulated the cytokine secretory profile of NOD mice, favouring a Type II rather than Type I phenotype following in vivo injections with anti-CD3 mAb or LPS.
The two cytokine subsets are tightly regulated, with Type I cytokines often controlling and antagonizing the action of Type II cytokines and vice versa [31] . The MFP14-induced cytokine shift towards a Type II phenotype could, therefore, be causally related to its antidiabetogenic effects. In fact, several lines of evidence indicate both spontaneous Type I diabetes mellitus and ROD after syngeneic islet transplantation to be Type I cytokine dependent events in NOD mice [25±28, 31±40]. It is noteworthy, however, that whilst IL-4 and IL-10 are each in themselves capable of preventing spontaneous Type I diabetes mellitus in NOD mice [25±28], they need to be administered together to prolong graft survival after syngeneic islet transplantation [36] . This indicates the more aggressive nature of the IL-10 versus the IL-4 type of beta-cell destructive immune process. The clearcut capacity of MFP14 to delay the rejection of syngeneic islet grafts further demonstrates the powerful immunomodulatory properties of this protein.
Besides being directly destroyed by T cells and macrophages by cytotoxic, perforin-mediated mechanisms, the insulin-producing cells are also thought to be damaged by cytokines (IL-1b, TNF-a, IFN-g ), free radicals and nitric oxide that are produced in the vicinity of the beta cells during the autoimmune attack [36, 41±43 for reviews]. Thus, MFP14 could have also exerted its action by counteracting cytokine and nitric-oxide-mediated toxic events This possibility is, however, not supported by our present finding that the addition of MFP14 to rodent pancreatic islets challenged in vitro with IL-1b neither prevented inhibition of glucose oxidation rate nor increased nitrite accumulation in the medium. It can, however, not be excluded that MFP14 influences subsequent steps of beta-cell death induced by IL-1b and/or nitric oxide such as apoptosis, which has been proposed as one of the potential mode of beta cell death in Type I diabetes mellitus [44] .
Two observations deserve attention when considering the modulatory effects of MFP14 on the course of Type I diabetes in NOD mice. First, MFP14 not only markedly reduced the incidence of diabetes, Fig. 8 . MFP14 does not influence IL-1b-induced medium nitrite accumulation in rodent pancreatic islets. Nitrite was measured as described in the Methods section. Rat islets were either non cytokine exposed (&) or exposed to 25 U/ml r human IL-1b (&) for 48 h with or without addition of 1 mg/ml MFP14 or hi-MFP14. Values are means SD for 6 experiments. * and ** denote p < 0.05 and p < 0.01 vs corresponding controls by ANOVA Fig. 9 . Failure of MFP14 to counteract rhIL-1b-induced inhibition of glucose oxidation rate in rodent pancreatic islets. The islet glucose oxidation was measured as described in the Methods section. Islets were exposed to r human IL-1b and MFP14 as described in the Legend's to Figure 8 . Values are means SD for 8 experiments. * denotes p < 0.05 vs corresponding control mice by ANOVA but it also kept the mice free from disease for as long as 25 weeks after the treatment had been interruped. This observation offers important clues for the clinical setting: short-term treatment with MFP14 could confer long-lasting protection against disease development. It also offers insights into MFP14's mechanistic mode of action. In fact, the long-lasting antidiabetogenic protection offered by MFP14 could presumably be primarily because of the elimination of autoreactive effectors or the induction of suppressor cells. Whatever the mechanism, the long-term protection produced by MFP14 closely resembles that induced in these animals by exogenously-administered Type II cytokines like IL-4 and IL-13, which also persists for a long time after treatment withdrawal [20, 25] . By contrast, Type I cytokine inhibitors such as anti-IFN-g antibodies, the IFN-g soluble receptor [23] or the r IL-12p40 [38] , induce a short-lasting protection that is reversed after drug treatment ceases. These observations, together with the induction of Type II cytokine profile in MFP14-treated NOD mice suggest that by up-regulating Type II cytokine production, MFP14 has activated antidiabetogenic pathways similar to those induced by the administration of Type II cytokines themselves. Second, MFP14 successfully suppressed morphological and clinical signs of Type I diabetes in NOD mice regardless of whether it was administered at an early or late stage of the prophylactic regimen, e. g. in mice that though euglycaemic had already developed actively ongoing insulitis. This latter finding is clinically relevant because, at present, preventive immunotherapy in humans at risk for developing Type I diabetes can only be performed in individuals selected on the basis of seroimmunological (ICA, anti-GAD antibodies) and metabolic (reduction of glucose tolerance) parameters presumably associated with actively ongoing beta-cell destruction [45] . Taken together, these present findings suggest MFP14 is worthy of consideration as a possible candidate for the immunopharmacological prevention and could be valuable in the early treatment of human Type I diabetes.
